comment reviews reports deposited research interactions information refereed research Abstract Phylogenetic analyses of gene sequences provide a clear pattern of which extant flowering plant genera diversified earliest. Combined with complete genomic sequences, these data will vastly improve understanding of the genetic basis of plant diversity.
Over the past ten years, botanists have produced a huge body of DNA sequences from genes in each of the three plant genomes -mitochondrial, nuclear, and plastidial. Some of the data sets are prodigious: 580 ribulose bisphosphate carboxylase/oxygenase large subunit (rbcL) sequences for advanced dicotyledons [1] , and 587 species covering all major lineages and families of plants for three genes (rbcL, ATP synthase > subunit (atpB) and 18S ribosomal DNA) [2, 3] . Progress in sorting out major lineages has been both highly collaborative and rapid; the first paper to examine overall patterns with extensive sampling (500 rbcL sequences), which had 43 co-authors, was published as recently as 1993 [4] . In many respects, these studies are similar to the model-genome sequencing efforts, except that they encompass the breadth of plant diversity rather than examining a few species intensively. Similar work has focused on the relationships specifically among land plants, with equally noteworthy success [5] .
The major accomplishments of this research fall into several categories. .irst of all, these studies [1] [2] [3] [4] [5] demonstrated that large phylogenetic analyses were themselves practical and sound [6, 7] , both conclusions that were previously thought unlikely [8, 9] . Subsequent to publication of the empirical studies of flowering plant relationships [4, 10] , simulation studies reached the same conclusions [11, 12] . In parallel, simulation and empirical studies have also demonstrated that existing software and personal computers are adequate for these tasks; large analyses do not require powerful computers, elaborate software, or time-consuming analyses [7, 13] . The reason for the apparent ease and simplicity of large phylogenetic analyses despite the dire prospects from the theoretical standpoint is that each of the genes used contains a relatively clear and congruent pattern, which, when the data are combined, immensely simplifies analysis [6, 7] . On the basis of the results of these ground-breaking studies of plant phylogeny [1] [2] [3] [4] [5] 10] , large-scale phylogeny building, which is necessary for an understanding of broad patterns of biological diversity, no longer had to confront the problems previously expected to impede progress. The way was clear for major insights into patterns of flowering plant evolution once enough data were collected.
Although studies analyzing single genes were largely congruent in their general conclusions about the plants relatedness [7] , the placement of the root of the phylogenetic tree was not. The first study [4] using rbcL placed the root between an unusual aquatic genus, Ceratophyllum, and the rest of the flowering plants (angiosperms), whereas the second and third genes, atpB and 18S rDNA, located this point between Amborella and the rest (.igure 1) [3, 14] . None of these results, however, withstood analysis with re-sampling techniques, such as the bootstrap and the jackknife [15, 16] , which are designed to demonstrate how clear a pattern is within a specified data matrix. When we added additional genes from the mitochondrial genome [17] , however, this situation was remedied, and the rooting of the phylogenetic tree between Amborella and the rest of the angiosperms was well supported. Another analysis, using even more genes [18] , also found a great deal of consistency and a similar rooting, but before tree construction they used a method of analysis that reduced the noise caused by varying patterns of molecular evolution in each of the genes; it is unclear, however, how noise should be defined or whether it is necessary to completely remove it from analyses. Nonetheless, the only major difference that the use of this method produced was that the water-lily family, Nymphaea and its relatives, joined Amborella on the first side branch, rather than this branch being occupied solely by Amborella. In the other analyses [2, 3, 17] , Nymphaea was placed as the next lineage after Amborella to split off the ancient angiosperm stock (.igure 1). In either scenario, most of the implications for angiosperm evolution would be similar, so such a finding is, overall, highly consistent with the other analyses using three or more genes.
Another approach to this problem was to use a pair of genes derived from a single gene that underwent duplication before any of extant angiosperms evolved but after they split from the gymnosperms; phylogenetic trees for each of the duplicated loci were then used to root the other [19] . This effort was, however, limited because some critical taxa were absent (Ceratophyllum, for example); only a single locus that did not clearly fall into one of the pair could be found in some plants. The potential of this method thus remains largely unevaluated, although it holds great promise.
Figure 1
Synopsis of relationships of the major groups of land plants, with more detail in the flowering plants [3, 5] . Bryophytes have water-conducting tissues, although they are not the same as in other land plants, and hence we have put 'vascular' plants in quotes. Nodes with more than two branches indicate groups for which inter-relationships are not yet clear. Many of the patterns emerging from analyses of DNA sequences [3, 4, 10, 17, 18] are not particularly different from some parts of previous classifications. .or example, families with fused petals (often previously classified as Asteridae, such as in the widely used system of Cronquist [20] ) formed a group in the DNA results as expected; it would have been strange if all previous ideas about flowering plant classification and phylogenetic relationships were incorrect. Nevertheless, the patterns revealed by analyses of DNA sequences have produced a substantial number of greatly altered ideas about relationships, opening up a potential conflict between molecules and morphology. The differences could be the result of different underlying patterns in morphology and DNA sequences, but an alternative explanation is simply that the apparent discrepancies are, instead, the product of the different methods used. Phylogeneticists objectively give equal emphasis to each data type until clear evidence emerges that some parts are less reliable, whereas evolutionary taxonomists synthesize a large body of data but usually use intuitive weighting to determine which is the most reliable of the different categories of information. When we analyzed morphological data using the same techniques as were used for the DNA data, the results also differed from previous classifications using morphology and were much more similar to those produced with the gene sequences [21] .
Hornworts
An independent classification of the families of angiosperms has been published that relies largely but not exclusively on DNA sequence data [22] ; this makes angiosperms the first major group of organisms to be so treated. Like many of the previous DNA studies, this effort was highly collaborative and is thus cited as the Angiosperm Phylogeny Group Classification so that it will not be associated with the name of any particular researcher. This classification is, in effect, a work in progress and will be updated as more information emerges; the foundations of the Angiosperm Phylogeny Group Classification were laid on clear patterns consistent in all published studies, which are therefore unlikely to change in any substantial way. These patterns are both well supported by measures such as the bootstrap and well corroborated by many other kinds of studies. Some families (all small, many consisting of single species) remain poorly studied, however, and a few of the larger patterns remain unclear (see below); these are the foci of on-going research.
Although the general patterns of flowering plant relationships have been greatly clarified by studies employing multiple genes, the inter-relationships of some major groups remain unclear. .or example, the three largest groups of eudicotyledons (or advanced dicotyledons), namely the asterids, rosids and caryophyllids, are each clearly defined, but their relationships to each other are not. It would appear that all three arose more or less simultaneously, perhaps in parallel with more advanced groups of pollinating insects about 100 million years ago [23] , and their rapid appearance left little pattern in each gene to group any two of these together. Until there are many more genes sequenced from a broad range of flowering plants (for example, roughly 600 species, as in previous studies [2, 3] ), these patterns will not be robustly addressed. Such work is underway.
Relationships of the angiosperms to other land plants are also now becoming clearer than ever before. On the basis of studies of morphological data, gymnosperms have long been thought to have given rise to the flowering plants, perhaps with the Gnetales as their closest extant relatives [24] , but this view has now given way to one [5] in which the gymnosperms are monophyletic and are collectively the sister group to the angiosperms (.igure 1). The seed plants (angiosperms plus gymnosperms) are then related to the ferns and their relatives, which clearly include the horsetails and whisk ferns, groups that previously were of highly variable and speculative placements. Among the higher land plants (excluding the mosses, hornworts and liverworts), the lycopods occupy an isolated position outside the ferns (and their allies) and seed plants (.igure 1).
In spite of the work remaining, most of what is now known about relationships of the angiosperms is detailed and well founded for the first time. Plants are the basis of life on Earth, and knowing the patterns relating to their evolution is a great advantage because it permits research to be accurately focused and brings to bear an immense predictive power. All organisms are the products of both the constraints imposed by their evolutionary history and the action of natural selection. If the patterns of evolutionary descent can be estimated with confidence, then researchers have an enhanced potential to separate the action of selection from characteristics inherited from a common ancestor. Thus, botanists today are in the fortunate position of being able to combine an in-depth knowledge of genomic structure and content of several model organisms with a clear picture of how these model organisms are related to the rest of a hugely diverse group that provides us with food, fuel, medicines, and housing as well as bringing beauty to our lives. Such knowledge of phylogeny is not idle curiosity but is instead an important tool for comparative biology.
